This paper presents a complete, autonomous, wireless temperature sensor, fully encapsulated in a 10.6mm 3 volume. The sensor includes solar energy harvesting with an integrated 2 optical receiver for programming, microcontroller and memory, 8GHz UWB transmitter, and miniaturized custom antennas with a wireless range of 7 meters. Full, stand-alone operation was demonstrated for the first time for a system of this size and functionality.
advantage that could save the physical antenna area by using its ground plane as reflector. However, when the monopole is considered as small antenna that is much smaller than the wavelength, the antenna gain is not determined from antenna element itself, but by its ground plane and environment, which in this case also includes the sensor node die stack. A dipole antenna with a merchant balun isolates these environmental and ground plane effects. (Fig. 3) The lossy epoxy used for encapsulation degrades the antenna gain and shifts the resonance frequency, which leads to a shorter communication distance compared to free-space. The antenna design and results are summarized in Fig. 4 . Fig. 5 shows a test setup between the die-stacked sensor node and a base station, and the equivalent isotopically radiated power (EIRP) at the transmitter as a function of center frequency. This EIRP can be used to determine the base-station sensitivity for a target distance (Fig.  6 ). For the distance test, the received signal was amplified and down-converted to an IF (150MHz) before being observed on an oscilloscope to verify functionality. The base-station has 52.8dB gain and 10dB noise figure at IF and -99dBm sensitivity including the receiver antenna gain. The measured communication range for the dipole was 7 meters with a peak SNR of 10dB. (Fig. 7) Assembly and Sequencing With a millimeter-scale form factor, wired physical connections to the unit are infeasible from a yield and usability perspective and the entire unit is encased in epoxy. In this paper, we present the first fully wireless startup of a system of this size, including battery charging. The battery is initially uncharged after fabrication, and must remain so during the assembly process to endure the high temperature epoxy curing. With exposure to light of ~200 lux (dim indoor light) the harvester is able to self-start and commence battery charging, with a minimum solar cell output voltage of 140mV and power of 1.6nW. Fig. 8 shows a measured battery charging curve when energy is harvested under 25kLux light which requires 15.5 hours to fully charge the integrated battery. As the charged battery voltage rises beyond 3.6V, the system automatically initiates a boot sequence. Initially, the PMU raises the 1.2V supply and holds the 0.6V supply to ground. This state is detected by reset detectors in each layer to generate clean reset signals for critical blocks such as the configuration registers. Subsequently, the 0.6V supply is raised, and the system enters a sleep mode, in which the core is still power-gated and the SRAM has no content. The reset values of configuration registers ensure that the circuit components are either power-gated or in an ultra-low power state.
Once the battery is fully charged, the system is programmed via optical communication to load the SRAM with a program [5] . The front-end photodiodes of the optical receiver are placed in the SOLAR layer located at the top of the stack for light exposure through clear epoxy, such that the rest of the stack can be encapsulated with black epoxy to minimize light-induced leakage current in the ICs. Optical communication can also directly change the configuration register settings or send interrupts. Once the SRAM is loaded, system operation commences, switching between sleep and active modes and communicating with blocks in different layers via MBus. Fig. 8 shows the current consumption of the sensor system programmed to transmit data once every 5 seconds. In sleep mode, it consumes 2nA and in active mode
The initial current peak upon wake up is due to the charging of decoupling caps on power-gated supplies and no overcurrent is observed during radio transmission due to the current limiter in the Radio layer. Conclusion Table 1 summarizes the measured performances of the wireless sensor node with comparison to the state of the art. This sensor node has total volume of 10.6mm 3 , while achieving microwatt power and 13-2 meter-range communication. A figure of merit of communication distance per volume is introduced, which highlights how this work compares to state of the art. The die micrograph of the stack is shown in Fig. 9 .
